We partially purified 1-aminocyclopropane-l-carboxylate (ACC) oxidase from senescing petals of carnation {Dianthus caryophyllus L. cv. Nora) flowers and investigated its general characteristics, and, in particular, the inhibition of its activity by ACC analogs. The enzyme had an optimum pH at 7-7.5 and required Fe 2+ , ascorbate and NaHCO 3 for its maximal activity. The K m for ACC was calculated as 111-125 fiM in the presence of NaHCO 3 . Its M, was estimated to be 35 and 36 kDa by gel-filtration chromatography on HPLC and SDS-PAGE, respectively, indicating that the enzyme exists in a monomeric form. These properties were in agreement with those reported previously with ACC oxidases from different plant tissues including senescing carnation petals. Among six ACC analogs tested, l-aminocyclobutane-l-carboxylate (ACBC) inhibited most severely the activity of ACC oxidase from carnation petals. ACBC acted as a competitive inhibitor with the K { of 20-31 fiM. The comparison between the K m for ACC and the K x for ACBC indicated that ACBC had an affinity which was ca. 5-fold higher than that of ACC. Whereas ACC inactivated carnation ACC oxidase in a time-dependent manner during incubation, ACBC did not cause the inactivation of the enzyme. Preliminary experiments showed that ACBC and its TV-substituted derivatives delayed the onset of senescence in cut carnation flowers.
Ethylene is a plant hormone, which regulates many aspects of plant growth and development, and especially plays an important role in the senescence of flowers, such as carnation, sweetpea, etc. Its production often increases during senescense of those flowers, and the treatment of flowers with ethylene enhances senescence (Abeles et al. 1992, Reid and Wu 1992) .
Inhibition of ethylene synthesis or action delays the onset of senescence symptoms and increases flower's longevity. Blockage of ethylene-induced senescence has an economical importance. Currently, STS is being used mainly as an anti-senescent preservative in the cut-flower industry. STS is known as an inhibitor of ethylene action, which probably acts through the silver ions with ethylene binding site (Sisler et al. 1986 , Veen 1983 ). However, STS has a potential environmental hazard because of its active ingredient of heavy metal (Ag + ), and it is anticipated that its use will be regulated or prohibited in many countries in near future (Serek et al. 1995) . Therefore, at present, it is desired to develop alternatives to STS which are safe for organisms and have a less risk for environmental pollution. For this purpose, it is useful to search such chemicals among inhibitors of ethylene biosynthesis.
Ethylene is biosynthesized in senescing flower tissues as that in other plants through the following pathway: methionine ->• AdoMet -»• ACC -* ethylene. The penultimate and last steps are catalyzed by ACC synthase and ACC oxidase, respectively. AVG and aminooxyacetic acid are potent inhibitors of ACC synthase, and may have a potential for the anti-senescent preservative for cut flowers. However, since they inhibit not only ACC synthase but also a wide range of enzymes, which require PLP as a coenzyme, and have toxic effects on organisms including human beings, they may also provoke a safety concern.
It is known for many years that AIB, an analog of ACC, is a competitive inhibitor of the conversion of ACC to ethylene in plant tissues (Satoh and Esashi 1980) . Recently, Serrano et al. (1990) have demonstrated that AIB acts as a retardant of cut carnation flowers. Toshima et al. (1993) have recently demonstrated that ( + ) and ( -)-(!/?, 2S)-allocoronamic acids (diastereomers of 2-ethyl-ACC) exert an inhibitory effect on senscence in cut carnation flowers. ACC analogs should be safe as an anti-senescent reagent because they are amino acids without marked toxic effects on organisms and would be often metabolized by plants themselves and/or by the enzyme of some microorganisms (Liu et al. 1984 , Hiura et al. 1978 , Honma et al. 1979 ). However, they need relatively high concentrations (3-10 raM) to inhibit senescence of cut carnation flowers. Thus, it is desirable to find more effective ACC analogs for use as anti-senescent chemicals for cut flowers.
Recently, Nijenhuis-de Vries et al. (1994) reported some characteristics of ACC oxidase prepared from senescing carnation petals. They determined the K { for AIB as 5 mM in the presence of NaHCO 3 . This K, value was comparable to those reported for ACC oxidases from different tissues: 5.7 mM for apple , 0.3 mM for avocado (McGarvey and Christoffersen 1992) , 4.2 mM for pear (Vioque and Castellano 1994) and 0.5 mM for chick-pea (Munoz De Rueda et al. 1995) . It is evident that the large K-, value for AIB (i.e. low affinity to the enzyme) resulted in the requirement of high concentrations of AIB for the inhibition of senescence in cut carnation flowers.
In this work we attempted to search for more effective inhibitors among ACC analogs using partially purified ACC oxidase from senescing carnation flower petals. We found that ACBC, the cyclobutane ACC analog, strongly inhibited ACC oxidase activity in vitro. We report here the partial purification and characteristics of ACC oxidase of senescing carnation petals, the inhibition of its activity by ACBC and its derivatives, and their effects on the longevity of cut carnation flowers.
Materials and Methods
Plant materials-Carnation (Dianthus caryophyllus L. cv. Nora) flowers were harvested at their full open stage from plants grown under usual greenhouse conditions. For preparing flowers for the extraction of ACC oxidase, stems were trimmed to 6-cm lengths and flowers were placed with their basal ends in vials containing distilled water and held under a laboratory condition. Ethylene production was monitered daily by enclosing individual flowers in 450-ml glass containers for 1 h at 25°C. A 1-ml head gas sample was taken with a hypodermic syringe from the container, and assayed for ethylene by gas chromatography on an alumina column. Flowers showing ethylene production rate above 3 nmol h" 1 were selected, and petals were removed from the flowers, weighed and stored at -30°C until use.
Assay of ACC oxidase-ACC oxidase activity was measured by incubating an enzyme sample (20-200 //I) with 50 mM MOPSNaOH, pH 7.5, 7% glycerol, 1 mM ACC, 25 mM Na-ascorbate, 50 fiM FeSO 4 , 25 mM NaHCO 3 and 3.5 mM DTT in a total volume of 1 ml. The reaction was carried out in a 5-ml test tube with a serum rubber cap. After incubation for 5 min at 30°C, a 1-ml gas sample was taken from the headspace of the tube, into which a 1-ml of fresh air had been introduced just before sampling. The gas sample was analyzed for ethylene as described above.
For determination of the optimum pH, the buffer decribed above was replaced with buffers of different pH values ranging from 6 to 8.5. The optimum concentrations for Fe 2+ , ascorbate and NaHCO 3 were determined by including respective compounds at various concentrations in the reaction mixture. The effects of ACC analogs on ACC oxidase activity were investigated by adding the respective compounds at given concentrations to the reaction mixture. The kinetic parameters (K m for ACC, K, for ACBC and K; for AIB) were determined from Lineweaver-Burk plots.
The ACC oxidase activity was expressed by unit for the experiment in which purification of carnation ACC oxidase was conducted (Table 1) . One unit of enzyme produces 1 nmol ethylene per 5 min at 30°C. In other experiments, the enzyme activity was determined as above and data were shown as percentages of the control.
Extraction and purification of ACC oxidase-The extraction and purification of ACC oxidase were carried out at 4 C C. A 40-g sample of frozen carnation petals was homogenized with a mortar and pestle for 15 min in 120 ml of 50 mM MOPS-NaOH, pH 7.5, 10% glycerol, 30 mM Na-ascorbate and 5 mM DTT (buffer A) in the presence of 4g polyvinylpolypyrrolidone. The homogenate was centrifuged at 16,000 xg for 20 min and the supernatant was recovered. Then, by ammonium-sulfate fractionation, a protein fraction which was precipitated between 50 and 65% saturation was obtained from the supernatant. The protein fraction was subjected to ion-exchange column chromatography with a HiTrap DEAE-Sepharose FF column (Pharmacia Biosystems, Tokyo, Japan). Proteins were eluted with a linear NaCl gradient from 0 to 0.5 M in 10 mM MOPS-NaOH, pH7.5, containing 10 mM Naascorbate and 1 mM DTT (buffer B) at a flow rate of 5 ml min"
1 . Fractions of 1.25 ml were collected and assayed for ACC oxidase activity. The active fraction obtained was subjected to gel-filtration column chromatography with a TSK GEL G3000 SWXL column (7.5 mm i.d. x 30 cm, Tosoh Co., Tokyo, Japan) attached to an LC-10 HPLC system (Shimadzu Corp, Kyoto, Japan). Elution was conducted with buffer B containing 300 mM NaCl at a flow rate of 0.3 ml min" 1 , and 0.2-ml fractions were collected. The column was previously calibrated with marker proteins obtained from Oriental Yeast Co., Ltd (Tokyo, Japan); glutamate dehydrogenase (290 kDa), lactate dehydrogenase (142 kDa), enolase (67 kDa), adenylate kinase (32 kDa) and cytochrome c (12.4 kDa).
Protein contents were determined by the method of Bradford (1976) with BSA as a standard.
SDS-PA GE and western immunoblotting analysis-For western immunoblotting, we used the antibody raised against a polypeptide synthesized in Escherichia coli from the cDNA for melon ACC oxidase (Yamamoto et al. 1995) . After SDS-PAGE on 12% acrylamide gels (Laemmli 1970 ) polypeptides were electrophoretically transferred from acrylamide gels to PVDF membranes (BioRad, 0.2//m in pore size) according to Towbin et al. (1979) . The antigen was detected using the ELISAmate ANTI-RABBIT IgG KIT, AP (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, U.S.A.).
Assays for the inactivation of ACC oxidase by ACC and ACBC during incubation-The inactivation of carnation petal ACC oxidase during incubation with ACC or ACBC was assayed in a manner similar to that described for the mechanism-based inactivation of ACC synthase (Satoh and Yang 1988) . Briefly, ACC oxidase was incubated in 1-ml reaction mixtures as described above with 1 mM ACC or 0.5 mM ACBC. At specified time of incubation, a 0.5-ml portion of the reaction mixture was taken and passed through a column of Sephadex G-25 (bed volume, 2 ml).
The eluate containing protein was collected and assayed for residual ACC oxidase activity.
Determination of carnation flower longevity as pretreated with test chemicals-Carnation flowers were used at their full open stage with the outer-most petals at a right angle to the stem axis. The stems were trimmed to 20 cm in length. The cut stems of flowers were placed in test solutions (20 ml) and left for uptake for given periods at 23°C. After the test solutions were replaced with deionized water, the flowers were left for the observation of the onset of wilting (senescence) at 20-25°C under cool fluoresent lamp (0.9 W m~2). Flower longevity was determined as the time needed to reach wilting.
Reagents-ACBC, N-Ac-ACBC and N-Bz-ACBC were obtained from Tocris Cookson Ltd. (Bristol, U.K.), the latter two by custom synthesis. ACC was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.) and AIB from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). STS solutions were prepared by mixing equal volumes of 2 mM AgNO 3 and 16 mM Na 2 S 2 O3. The antibody against melon ACC oxidase polypeptide was a gift from Professor Takahide Sato of Chiba University.
Results and Discussion
Partial purification and properties of ACC oxidase from carnation petals- Table 1 summarizes the results of the partial purification of ACC oxidase extracted from senescing carnation petals. Overall purification steps attained a 43-fold purification with a yield of 32%. After gelfiltration column chromatography, ACC oxidase activity was eluted as a single peak at the position corresponding to M s of 35 kDa. Western immunoblotting following SDS-PAGE of this fraction showed a single band of 36 kDa, as recognized by the antibody raised against melon ACC oxidase polypetide (Yamamoto et al. 1995) . These findings indicated that carnation ACC oxidase is active in its monomeric form.
The carnation ACC oxidase had an optimum pH at 7-7.5. The enzyme required ascorbate and Fe 2+ for its maximal activity. Their optimal concentrations were 20 mM for Na-ascorbate and 20 juM for Fe 2+ (as FeSO 4 ). Also, NaHCO 3 was essential for the action of the enzyme. However, no optimal concentration was found up to 50 mM, scince the enzyme activity increased as the concentration of NaHCO 3 increased. These properties were basically in agreement with those already shown for ACC oxidases Carnation ACC oxidase was very labile once extracted; about 50% of the initial activity was lost after storage at 4°C for 8 h. Therefore, we did not perform further purification. In the following experiments, we measured the enzyme activity in the presence of 25 mM Na-ascorbate, 50\M. FeSO 4 and 25 mM NaHCO 3 .
Inhibition of ACC oxidase activity by ACC analogsWe examined the inhibitory effects of six ACC analogs on the activity of carnation ACC oxidase (Fig. 1) . The effects were determined at 1 mM ACC with ACC analogs at 10 mM. The ACC analogs tested were AIB and its derivatives (Me-Ser and Me-Asp) and cycloalkane-amino acids (ACBC, ACPC and ACHC). One unit of enzyme actvity is that which converts 1 nmol of ACC to ethylene per 5 min at 30°C. ACBC inhibited the enzyme activity by 90%. On the other hand, ACPC and ACHC, having cyclopentane or cyclohexane skeltons, were less effective giving 40% and 28% inhibition, respectively. The previously-known inhibitor AIB inhibited the enzyme activity by 28%. Introduction of hydroxyl or carboxyl groups to one of methyl-side chains of AIB, making Me-Ser or Me-Asp, caused no or little changes in the inhibitory effect; the degree of inhibition were 38% for Me-Ser and 22% for Me-Asp. These results were somewhat different from those for the inhibition of in vivo conversion of exogenous ACC to ethylene by cotyledonary segments of cocklebur seeds (Satoh and Esashi 1980) . These findings indicated that ACBC could strongly inhibit the ACC oxidase activity and its effect surpassed that Hoffman et al. (1982) . It shows that the functional groups of ACC, carboxyl group, amino group, pro-(S)-methylene group, andpro-(^)-hydrogen of the/vo-(/?)-methylene group, associate stereospecifically with the active site of ACC oxidase surface. This model is adopted for the association of ACBC with the enzyme.
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Inhibition of ACC oxidase by ACBC of AIB, the well-known ACC analog-type inhibitor. In addition, it is clear that making the cycloalkane skelton bulkier by increasing the ring size decreased the inhibitory effects on ACC oxidase.
Competitive inhibition by ACBC of carnation ACC
oxidase-The rates of ethylene production were determined at varying concentrations (0.1 through 1 mM) of ACC in the absence or presence of 0.25 mM ACBC and 10 mM AIB. A typical result is shown in Fig. 2 as LineweaverBurk plots. It was revealed that ACBC as well as AIB competitively inhibited the conversion of ACC into ethylene by ACC oxidase. The K m for ACC was calculated to be 125 /iM, and the K, for ACBC 20^M. The experiment was repeated with an almost identical set of kinetic parameters, K m for ACC 111 /uM and K, for ACBC 31 //M. Of interest was that the K { for ACBC was ca one-fifth the K m for ACC. In other words, ACBC had an affinity to the enzyme's active site 5-times greater than the substrate ACC. This consideration explained the reason why ACBC acted as a strong competitive inhibitor of ACC oxidase.
The K { for AIB was estimated to be 3.3 mM, which was about 26 times the K m value for ACC. Thus, AIB is a weak competitive inhibitor of ACC oxidase both in vitro and in vivo (Satoh and Esashi 1980) . The values of K m for ACC and K, for AIB obtained here were comparable to those reported by Nijenhuis-de Vries (1994) for a crude preparation of carnation ACC oxidase; K m for ACC being 425 fiM and K { for AIB 5 mM in the presence of 30 mM NaHCO 3 . ACBC also competitively inhibited ACC oxidase obtained from wounded pericarp of ripe tomato fruits {K m for ACC 111/iM, K, for ACBC 70 ^M) and that from wounded mesocarp of winter squash fruits (K m for ACC 143//M, K, for ACBC 125 /iM) (data not shown).
No inactivation by ACBC of carnation ACC oxidase during incubation- Smith et al. (1992) noted that ACC oxidase obtained from melon mesocarp lost its activity depending on the substrate ACC during its catalytic action. This phenomenon was also demonstrated with ACC oxidases purified from apple flesh (Pirrung et al. 1993) and from E. coli transformed with the cDNA clone for tomato ACC oxidase (Smith et al. 1994) . These foregoing studies implied a mechanism-based inactivation during catalysis for the ACC-dependent loss of enzyme activity, although further investigation is needed to elucidate the precise mechanism.
In order to know whether carnation ACC oxidase is also inactivated during catalysis, and whether ACBC causes the inactivation of the enzyme during incubation, we examined the changes in the residual enzyme activity, when carnation ACC oxidase was incubated without or with 1 mM ACC or 0.5 mM ACBC (Fig. 3) . There was negligible decrease of the enzyme activity up to lOmin when incubated with buffer alone. When ACC oxidase was incubated with 1 mM ACC, the residual enzyme activity decreased in a time-dependent manner. The half-life for inactivation was estimated to be 4.5 min. ACBC at 0.5 mM caused no or little decrease of the residual enzyme acitivity. From these findings, it was thought that although ACBC could bind to the active site of the enzyme, it was not catalytically activated by the enzyme's action.
Association of ACBC with the active site of ACC oxidase surface -Hoffman et al. (1982) proposed a model for the association of ACC with the active site of ACC oxidase (Fig. 4 top) . In this model, the functional gruops of ACC, carboxyl group, amino group, pro-(S)-methylene group Control 1mM STS, 12h 10mMAIB, 24h 10mM ACBC, 24h and pro-(/?)-hydrogen of the /?ro-(/?)-methylene group, associate stereospecifically with the active sites of the enzyme surface. Only />ro-(S)-hydrogen of the pro-(R)-methylene group of ACC in the cavity of ACC oxidase can be replaced by some other groups, which did not significantly influence the association.
In accordance with this model, ACBC can be placed in a similar way at the putative active site of ACC oxidase surface (Fig. 4 bottom) . The figure illustrates that the methylene group which is most far away from the a-carbon may have no interaction with the active site, thereby resulting in no steric hindrance in the association of ACBC with the active site.
Inhibition by ACBC and its derivatives of senescence in cut carnation flower-We examined the effectiveness of ACBC on the senescence of cut carnation flowers in comparison to that of STS and AIB. Fig. 5 shows photographs taken 11 days after the start of treatment with test chemicals at given concentrations. Control flowers began to wilt at 7th day. STS gave a strong inhibitory effect on senescence and prolonged flower's longevity beyond 20 days. Carnation flowers which had been treated with AIB or ACBC at 10 mM had almost the same longevity; wilting started at 13th day. These findings were in contrast to the expectation that ACBC would inhibit the senescence of carnation flowers more strongly than AIB, as judging from their in vitro inhibitory action on ACC oxidase (Fig. 1, 2) .
One explanation is that when ACBC was applied to carnation flowers long before the onset of senescence, it was readily metabolized (degraded) in tissues during subsequent period prior to the onset of flowers senescence. If we could modify ACBC to derivatives resistant to the metabolism, they may exert stronger inhibitory effects. Hence, we employed TV-substituted deirvatives of ACBC, N-Ac-and N-Bz-ACBC. N-Ac-ACBC and N-Bz-ACBC were less effective than ACBC itself in the inhibition of in vitro activity of carnation ACC oxidase (data not shown). Preliminary experiments showed that both N-Ac-ACBC and N-Bz-ACBC at 1 mM had similar effects as that of AIB at 10 mM on the inhibition of wilting in cut carnation flowers (data not shown).
In conclusion, we found in the present study that ACBC acts as a potent in vitro inhibitor for ACC oxidase. We also found that although ACBC itself is weak in its ability to lengthen the longevity of cut carnation flowers, it will be possible to synthesize a stronger anti-senescent agent by modifying ACBC to derivatives resistant to metabolism in tissues.
